Parasitic protozoan species belonging to the genera Trypanosoma and Leishmania are the etiological agents of several diseases in tropical areas of the world, for which there is an urgent need for effective and affordable treatment. In this regard, we are screening the Brazilian biodiversity, especially its flora and mycota, for natural products that could serve as leads for drug development against these diseases. Trypanothione reductase (TR) is an enzyme involved in the protection of Trypanosoma and Leishmania species against oxidative stress, and is considered to be a validated drug target. The endophytic fungus Alternaria sp. (UFMGCB55) was isolated from the plant Trixis vauthieri DC (Asteraceae), known to contain trypanocidal compounds. The organic extract of the culture of Alternaria sp. was able to inhibit TR by 99%, when tested at 20 mg mL À1 . Fractionation of the extract identified altenusin, a biphenyl derivative with an IC 50 value of 4.3 AE 0.3 mM in the TR assay. This compound is the first in its class to have shown TR inhibitory activity, opening new perspectives for the design of more effective derivatives that could serve as drug leads for new chemotherapeutic agents to treat trypanosomiasis and leishmaniasis.
Introduction
Protozoan parasites belonging to the genera Trypanosoma and Leishmania affect millions of people in tropical areas of the world, causing severe diseases in humans and animals, and resulting in large economic and social impacts in the affected countries (TDR, 2005) . The enzyme trypanothione reductase (TR) is a validated drug target in trypanosomatids as it was shown to be essential for the survival of these parasites, protecting them against oxidative stress (Fairlamb, 1999; Schmidt & Krauth-Siegel, 2002) . In a screening program investigating Brazilian plants as sources of new drug leads, Zani et al. (1995) found that extracts from Trixis vauthieri DC (Asteraceae) were able to kill the protozoan parasite Trypanosoma cruzi present in the blood of experimentally infected mice. Fractionation of the crude extract of this plant led to the identification of the trypanocidal compounds sakuranetin, 7-methoxy-aromadendrin, penduletin, calycopterim and trixol (Ribeiro et al., 1997 (Ribeiro et al., , 1999 . As our screening program also includes tropical fungi as sources of bioactive compounds (Rosa et al., 2003) , T. vauthieri was selected for investigation of the secondary metabolites produced by its endophytic fungi.
Endophytic fungi can be found in almost all terrestrial and aquatic plants (Petrini, 1991) . Most endophytic fungi are ascomycetes or conidial fungi (anamorphic stage) living asymptomatically in plant tissues (Huang et al., 2001) . Dreyfuss & Chapela (1994) speculated that about 1.3 million species of endophytic fungi are still waiting to be discovered. The taxonomic diversity exhibited by these fungi, as well as their ease of isolation, make them especially interesting for natural product screening programs (Pelaez et al., 1998) . Indeed, some compounds previously thought to be produced by plants are, in fact, produced by their endophytic fungi (Strobel et al., 1996; Wang et al., 2000) , making these organisms even more attractive as sources of pharmacologically active compounds.
Here we report the isolation and identification of a TR inhibitor produced by the endophytic fungi Alternaria sp. (UFMGCB-55).
Materials and methods

Plant material
Leaves from T. vauthieri DC (Asteraceae) were collected at the 'RPPN Santuário do Caraça' natural preserve, located in the municipality of Catas Altas, state of Minas Gerais, Brazil. Immediately after collection, the leaves were stored in plastic bags and kept at 10 1C for a maximum storage period of 24 h. A voucher was deposited in the BHCB herbarium of the Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais (UFMG), under code BHCB19072.
Isolation of endophytic fungi
A published protocol (Collado et al., 1996) was used for the isolation of endophytic fungi. Briefly, the surface of the leaves was sterilized using ethanol and sodium hypochlorite, and washed with distilled water. The sterile fragments were plated on Petri plates containing potato dextrose agar (PDA) supplemented with chloramphenicol at 100 mg mL À1 . After incubation for up to 60 days at 28 1C, individual colonies were transferred to PDA, and the cultures stored at 4 1C. For long-term preservation, mycelial pieces were stored in distilled water at room temperature (Castellani, 1967) , and in 30% aqueous glycerol at À 80 1C. The isolate used in this work was deposited in the Culture Collection of the Departamento de Microbiologia, Instituto de Ciências Biológicas/ UFMG, under code UFMGCB55.
DNA extraction, amplification and sequencing
Fungal DNA was extracted according to De Hoog et al. (2005) . The internal transcribed spacer (ITS) domains of rRNA gene were amplified using primers ITS1 (5 0 -TCCGTAGGTGAACCTGCGG-3 0 ) and ITS4 (5 0 -TCCT CCGCTTATTGATATGC-3 0 ) as described by White et al. (1990) . After sequencing, the consensus sequence was deposited in the GenBank under accession number EF514233. To reach a genus-level identification, FASTA 2.0 software was used to compare the sequence obtained with those of related species deposited in the EMBL GenBank database (Altschul et al., 1997) .
Cultivation of Alternaria sp. (UFMGCB55)
A previously described procedure was adopted for cultivation of the fungus (Rosa et al., 2003) . Briefly, the fungus was cultivated in solid MEC (2% malt extract, 0.1% peptone, 1.5% glucose) medium and then inoculated into 40 flasks containing 25 mL of liquid MEC medium. The flasks were incubated in a shaker (150 r.p.m.) for 5 days at 28 1C. The contents of each flask were transferred to fourty 250-mL Erlenmeyer flasks, each containing 100 mL of MEC medium, and incubated in the shaker for 9 days at 28 1C. As a control, a flask containing only the medium was subjected to the same procedure. At the end of the incubation period, the flasks were frozen and kept at À 20 1C until use.
Extraction of the fungus culture
The frozen culture broths were thawed and filtered under vacuum. Both filtrate and biomass were extracted with ethyl acetate, with the biomass being further extracted with ethanol. The organic solvents were removed under vacuum, at temperatures below 45 1C, in a rotary evaporator. The aqueous fractions were dried in a vacuum centrifuge at 40 1C. An aliquot of the dry extracts was dissolved in dimethyl sulfoxide to give 20 mg mL À1 stock solutions, which were stored at À 40 1C until being used in the bioassays.
Fractionation of the extract
The extracts (450 mg) were initially fractionated on a Sephadex LH-20 column (46 cm Â 3 cm) using methanol as eluent. From the 12 fractions obtained, fractions 5 and 6 (105 mg) were chromatographed in a silica gel column (70-230 mesh, 46 cm Â 3 cm inner diameter) using mixtures of dichloromethane/methanol to give 10 subfractions. HPLC of subfraction 6 (68 mg) on a RP-18 column (25 cm Â 2 cm, 5-mm particle size), eluted with MeOH : H 2 O (20-100% in 40 min) at a flow rate of 10 mL min À1 , gave compound 1 (34 mg). Subfraction 4 (4 mg) yielded compound 2 after chromatography on Sephadex LH-20 (20 cm Â 1 cm), using methanol as the eluent. Compound 3 (3.6 mg) was obtained after silica gel chromatography (20 cm Â 1 cm) of fractions 7 and 10 (11 mg), using mixtures of dichloromethane/methanol as eluent.
Identification of the isolated compounds
Proton and carbon nuclear magnetic resonance (NMR) spectra, distortionless enhancement by polarization transfer (DEPT), heteronuclear multiple quantum coherence (HMQC) and heteronuclear multiple bond coherence (HMBC) experiments were obtained on a Brucker DRX 400 spectrometer using the pulse programs provided by the manufacturer. The substances were dissolved in perdeuterated solvents, doped with 0.1% tetramethyl silane as internal standard. Mass spectra were acquired on a Thermo Finnigan LCQ-Advantage spectrometer, equipped with an electrospray ion source. Solutions of the compounds at 200 mg mL À1 in MeOH : H 2 O were infused at 20 mL min À1 , and the negative mass spectra acquired over the range m/z 50-600. Cone and capillary voltages were optimized for negative ion analysis in range 25-50 V, and from À 3.1 to À 5.0 kV, respectively.
Assay with the recombinant enzyme TR from T. cruzi
The colorimetric assay was performed in 96-well plates, according to the protocol established by Hamilton et al. (2003) . After incubating the enzyme with the samples and controls at 30 1C, Elman's reagent [5,5 0 -dithio-bis(2-nitrobenzoic acid)] was added, and the A 412 nm measured over 5 min, at 12-s intervals. The slope of the curve (DAbs/Dt) thus obtained was taken as a measure of enzyme activity, and the percentage of enzyme inhibition was calculated by comparison of this value with that obtained for the controls without drugs. Clomipramine, a known TR inhibitor (Borges et al., 1995) , was used at 6 mM as a control drug. The experiments were repeated twice.
Assay with human cancer cell lines
The effect of the isolated compounds on the survival and growth of the human cancer cell lines UACC-62 (melanoma), MCF-7 (breast) and TK-10 (renal) was determined using a colorimetric method developed at the National Cancer Institute (Monks et al., 1991) . Briefly, the cells were inoculated in 96-well plates and allowed to stabilize for 24 h in a CO 2 incubator at 37 1C. The solutions of extracts, fractions and pure compounds were added to attain the desired concentrations and the plates were incubated for 48 h at the same conditions. Trichloroacetic acid was added to each well to precipitate the proteins, which were quantified in a colorimetric assay using the dye sulphorodamine B. Results are expressed as percentage of growth inhibition in comparison with the control without drug.
Assay with Leishmania (Leishmania ) amazonensis
Promastigotes of L. (Leishmania) amazonensis (strain IFLA/ BR/196/PH-8) were obtained from lesions of infected hamsters. The parasites were grown at 26 1C in pH 7.2 Schneider's medium, and then stimulated to differentiate into the amastigote forms by increasing the temperature (32 1C) and lowering the pH (6.0) of the Schneider's medium. After 7 days under these conditions, 90% of the promastigotes had transformed into amastigote-like forms, which were then used in the bioassays. Amastigote density was adjusted to 1 Â 10 8 parasites mL À1 , and 90 mL added to each well of 96-well plates. Ten microliters of the test and control solutions was added to attain the desired concentrations. The plates were incubated at 32 1C for 72 h, and cell viability was then determined using the methyl thiazolyl tetrazolium (MTT) assay (Teixeira et al., 2002) . The results are expressed as percentage inhibition in relation to the controls without drug. Amphotericin B at 0.2 mg mL À1 (Fungison s BristolMyers Squibb B, Brazil) was used as a positive drug control. All assays were performed in triplicate.
Statistical analysis
Nonlinear fitting of at least two independent experimental datasets to a sigmoid dose-response model curve was calculated using ORIGIN 5.0 software. The equation thus obtained was used to determine the IC 50 values.
Results and discussion
Among several endophytic fungi isolated from T. vauthieri leaves, isolate UFMGCB55 afforded an organic extract, which presented promising activity in the TR assay, causing 99% inhibition of the enzyme at 20 mg mL À1 . This isolate was then selected for taxonomic identification and isolation of its active component(s). For taxonomic identification purposes, macro-and microstructures of UFMGCB55 colonies grown on different media were analyzed (data not shown). However, the brown filamentous colonies obtained did not produce any reproductive structure, thus precluding the classification of this fungus based on classical methods. This is a common feature among endophytic fungi cultured on artificial media, which frequently require the use of molecular methods for their identification (Wiyakrutta et al., 2004) . To this end, the ITS rRNA gene consensus sequence of UFMGCB55 was determined, and shown to display 93% similarity with those of Alternaria arborescens, Alternaria alternate, Alternaria tenuissima, Alternaria gaisen and Alternaria lini. Based on these results, this strain could be identified to the genus level as representing Alternaria sp.
Alternaria species are commonly found inside living plant tissues (Fisher et al., 1992) , in soil or on decaying plant tissues, living as saprophytes, or as weak facultative parasites (Thomma, 2003) . Because of the absence of identified sexual stages, most Alternaria species are classified within the conidial fungi group.
For the isolation of the TR inhibitor components, the fungus was grown in 4 L of MEC medium, and the broth extracted with organic solvents. The active extract was fractionated using a combination of size-exclusion, adsorption and reversed-phase chromatography. After each purification step, the fractions were evaluated in the TR assay to detect those with inhibitory activity. This procedure allowed the identification of compound 1 (Fig. 1) as a TR inhibitor produced by Alternaria sp. Metabolites 2 and 3, isolated in the process, were not active. The electrospray ionization (ESI)-MS spectrum of compound 1 in the negative ion mode exhibited a quasi-molecular ion peak at m/z 289
, which is consistent with the molecular formula C 15 H 14 O 6 . Its 1 H and 13 C NMR data were in complete agreement with that published for altenusin (Kamisuki et al., 2004) . Compounds 2 and 3 were identified as alternariol methyl ether and alternariol, respectively, by analysis of their spectrometric data and comparison with literature data (Coombe et al., 1970; Yu-Hui et al., 1989) . Altenusin (1) was able to inhibit TR with an IC 50 value of 4.3 AE 0.3 mM (Fig. 2) . However, this inhibitory activity did not translate into decreased viability of amastigote-like forms of L. amazonensis (data not shown). This may be due, among other possibilities, to the inability of altenusin to reach the intracellular compartments where TR is located, to attain the necessary concentration to inhibit the enzyme, or to keep the enzyme pool inhibited over a sufficient time to compromise parasite survival.
Bioactive natural products of different classes, such as alkaloids, steroids, terpenoids, isocoumarins, quinones, phenylpropanoids, lignans and phenolic acids, have already been isolated from endophytic fungi . Altenusin is produced by different species of several genus, including Alternaria (Thomas, 1961; von Ramm & Lucas, 1963; Coombe et al., 1970) , Penicillium (Hirai et al., 1989; Nakanishi et al., 1995; Uchida et al., 1999; Komai et al., 2006) , Streptomyces (Nakanishi et al., 1995; Jabbar et al., 1998) and Talaromyces (Ayer & Racok, 1990) . Altenusin is known to have antioxidant properties (Hirai et al., 1990) and to inhibit several enzymes, including myosin light chain kinase (Nakanishi et al., 1995) , sphingomyelinase (Uchida et al., 1999) , acetylcholinesterase (Lin et al., 2006) , cFMS kinase and pp60c-SRc kinase (Oyama et al., 2004) , and HIV-1 integrase (Singh et al., 2003) . Compounds 2 (alternariol methyl ether) and 3 (alternariol) are reported to be toxic to Bacillus mycoides and HeLa cells in vitro, but to have low in vivo acute toxicity to mice, showing lethal dose 50% (LD 50 ) values higher than 400 mg kg À1 (Pero et al., 1973) .
In conclusion, fractionation of Alternaria sp. provided altenusin, a biphenyl derivative capable of inhibiting the TR enzyme in the low micromolar concentration range. As this is the first time that a biphenyl compound has shown TR inhibitory activity, new avenues are open for development of more potent TR inhibitors that could show activity against Trypanosoma and Leishmania parasites. Finally, our results reinforce the potential of tropical endophytic fungi as a useful source of chemical diversity for programs aiming at drug discovery for neglected diseases. 
